A new test method of reciprocating magnetorheological polishing was presented and designed, and the mechanism of the micro-removal and the characteristics of the reciprocating magnetorheological polishing were analyzed. According to the reciprocating magnetorheological polishing experimental setup, the preparation process and proportion of the magnetorheological polishing fluid were studied. On the basis of analyzing the composition and characteristics of each component, the working parameters of the prepared magnetorheological polishing fluid were tested. With magnetorheological polishing fluid it prepared and reciprocating magnetorheological polishing method, the magnetorheological polishing experiments of borosilicate glass (K9) were carried out. The results show the effectiveness of the prepared magnetorheological polishing fluid and the practicability of the reciprocating magnetorheological polishing method.
Introduction
Magnetorheological polishing (MRP) is a new kind of polishing technology and appears in the 1990s of the 20th century, and it utilizes the rheological properties of MRP fluid to polish the materials under a magnetic field (Jain, 2009; Song et al., 2013; Zhang et al., 2014) . An optical element's surface quality is directly affected by the surface roughness and texture, and an excellent optical element can obtain the higher uniformity of surface texture. Usually, the relative motion is quite simple between the workpiece and the polishing tool in the present MRP process (Harris, 2011; Kordonski and Golini, 1998; Seok et al., 2007; Singh et al., 2011) . The homogenization performance of the polished surface texture is not so ideal in practice, and the disadvantage is that the exchange of MRP fluid in polishing area is not enough. Therefore, it is significant to develop a kind of MRP technology which can obtain the higher homogenization performance of the surface texture (Furuya et al., 2008; Kordonski and Jacobs, 1993; Sidpara et al., 2009; Wong et al., 2001 ). In the reciprocating MRP process, the magnetic field generator (electromagnet) does reciprocating motion relative to the polishing head, and the polishing head rotates at a higher speed meanwhile. So, the workpiece and the electromagnet form a complicated relative motion to avoid the simple polished surface texture. The reciprocating MRP process is conducive to the MRP fluid update and supplement in the polishing area and improves the removal rate. Another advantage is to polish the long and narrow workpiece surface easily.
Magnetorheological (MR) fluid for polishing is also a key factor in the process due to the abrasive powders in the MRP fluid. The MR fluid is not only as the body of the magnetorheological effect but also play the role of a carrier of abrasive powders. Therefore, it is of engineering significance to study the MRP method, as well as the MRP fluid's performance and preparation technology.
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Analysis of mechanism of reciprocating MRP experimental setup
Motion analysis based on reciprocating MRP experimental setup
The reciprocating MRP technology is a combination type of reciprocating motion and rotational motion. Principle of a new reciprocating MRP experimental setup designed and developed is shown in Figure 1 , and the experimental setup is mainly composed of four parts, including polishing head, holder device, polishing device, and reciprocating device (as shown in Figure 2 ). The workpiece is clamped in the holder device, and the holder device is driven to do rotational motion by the polishing head. The fluid carrier as a part of polishing device is driven to do reciprocating motion by the reciprocating device. Meanwhile, the electromagnet inside the polishing device does the same motion together with the fluid carrier. When the reciprocating electromagnet moves to the area just below the workpiece, the MRP fluid forms a certain hardness and elastic solidlike Bingham body polishing tool, which has been capable of withstanding higher shear force for the MRP. The polished debris is deposited to the bottom of the fluid carrier along both sides of the Bingham peak body, leaving the polishing area immediately, as shown in Figure 3 (a). Because the electromagnet does the reciprocating motion in relation to position of the workpiece and the workpiece rotates only in the original position. When the reciprocating electromagnet moves to the right area below the workpiece, the solidlike Bingham body polishing tool moves to the right area below the workpiece with the reciprocating electromagnet, as shown in Figure 3(b) . According to the reciprocating MRP method, the exchange of the MRP fluid can be updated in the polishing area (polishing spot), and the polished debris is easier to be followed into liquid MRP fluid, leaving the polishing area immediately, so that the effect of the debris on the workpiece surface is reduced. If there is only rotational motion, the workpiece surface will form a single concentric circle surface texture. Meanwhile, because linear velocity of the polishing head is lower near the center of the polishing head and zero at the center of the polishing head, it is difficult to achieve the polishing effect near the center of the workpiece surface after polishing. However, as for the reciprocating MRP, a number of texture interferences are formed on the workpiece surface, and the polishing process is completed by texture overlay. And it does not produce the blind area of the polishing because of the reciprocating motion. Therefore, the reciprocating MRP can obtain the higher homogenization performance of the surface texture after polishing. In this motion process, when polishing device driven by the reciprocating device moves to the limit position and begins to reverse direction movement, it is considered that the vibration effect is very small due to lower reciprocating speed and longer reciprocating MRP working time. These factors can make up for the problem of the decline of surface quality caused by vibration. In addition, guide rail and slide block as the carrier of the reciprocating motion used for the polishing device possess excellent performances such as vibration damping capacity, lubricity, and wear resistance. Meanwhile, the polishing device's working plate is firmly fixed on the ground to avoid vibration effect.
Mechanical analysis based on reciprocating MRP experimental setup
In the reciprocating MRP process, the MRP fluid gets stiffened and creates a flexible brush, and the material removal on workpiece surface is mainly affected by normal, tangential, and axial forces as shown in Figure  4 . The normal force (F n ) acting on the workpiece is affected by active abrasive powders in the MRP fluid. The tangential force (F t ) acts on the workpiece due to rotation of the polishing head. The damping force (F d ) acts on the workpiece due to the reciprocating device. As for the abrasive powders, the normal force is mainly magnetic levitation force (F m ), the tangential force is mainly shear force (F s ), and the damping force is mainly magnetic Coriolis force (F cor ).
The magnetic levitation force (F m ) is expressed as (Kim et al., 2004) 
where V is the volume of the abrasive powders, M is the intensity of magnetization of magnetic fluid, and rB is the gradient of the magnetic flux density. The shear force (F s ) is expressed as (Genc x and Phule´, 2002; Sidpara and Jain, 2012)
where A is the effective contact area of the abrasive powders, t y is yield stress of the MRP fluid, and n is 2 (low magnetic flux density) or 3/2 (high magnetic flux density). The Coriolis force (F cor ) is expressed as (Sidpara and Jain, 2013) 
where m is the mass of the active abrasive particles, v is the angular velocity of the workpiece, and v is the reciprocating speed of the active abrasive particles.
From the above equations, it is concluded that the magnetic flux density (B) is a major contributor for the reciprocating MRP, and it affects the magnetic levitation force and the yield stress of the MRP fluid (equations (1) and (3)). High magnetic flux density (B) results in effective interaction of the MRP fluid brush with the workpiece surface that contributes to higher shear force and more removal of material. So, a finite element analysis (FEA) is used to simulate magnetic flux density (B) on the workpiece surface based on ANSYS. The assigned parameters to the electromagnet model are given in Table 1 , and the magnetostatic FEA for distribution on workpiece surface of magnetic flux density and magnetic vector simulation diagram are shown in Figure 5 (a) and (b), respectively.
Figure 5(a) shows that the distribution on workpiece surface of magnetic flux density changes with time. For example, Restricting to a 60-mm-diameter magnetic flux density measured area, a 30-mm-diameter borosilicate glass (K9) workpiece does reciprocating MRP form 1 point to 2 point in the area. The magnetic flux density of the area is about between 0.222 to 0.325 T by ANSYS simulation, which fully meet the required magnetic flux density. Therefore, the area is regarded as concentrated polishing zone. Due to reciprocating speed (5 mm/s), the workpiece needs approximately 2 s through the concentrated polishing zone. However, with the ordinary polishing zone ranging from 3 point to 4 point (including concentrated polishing zone), the workpiece can be polished with magnetic flux density increases gradually. This process needs approximately 12 s. And then, the magnetic field does reverse direction motion to realize the reciprocating motion. Thus, the workpiece is back and forth through the concentrated polishing zone and the ordinary polishing zone, and the workpiece is finally flexibly polished. Figure 5 (b) shows that magnetic vector presents the radial distribution along the magnetic circular edge and forms a gradient magnetic field with great intensity in the polishing area. The magnetic flux density decreases sharply as the distance increases away from the magnetic pole. Therefore, the working gap must be selected in a smaller range to have an obvious magnetorheological effect (working gap = 1 mm).
Material removal analysis based on reciprocating MRP experimental setup
The workpiece surface materials are removed because of the relative motion between the workpiece and the magnetic chains. Whereas, the surface shape of the magnetic particle in the MRP fluid is spherical, with no sharp cutting edges, and there are some tiny cracks on the workpiece surface due to the action of the machining process and abrasive powders. Then, the magnetic chains formed under the effect of the magnetic field are subjected to shear force, and the workpiece surface convexes are squeezed by magnetic chains. It makes the micro-cracks growth and instability, and all the debris is repeatedly detached. However, carrier fluid of the MRP fluid is based on the water. As for the borosilicate glass (K9), Si-O-Si network structure of the borosilicate glass is disrupted by the hydrolysis reaction. At the same time, the magnetic particles and the abrasive powders will have micro-mechanical removal effect on the workpiece surface, and the protective film formed by the silicon atoms attached to workpiece surface is disrupted. Silica network structure in the borosilicate glass (K9) is further disrupted by water molecules, and the removal effect of the workpiece material is realized. Therefore, it can be seen that the MRP is a comprehensive result of mechanical removal and chemical action mainly.
Preston equation is used to consider the material removal rate, and it is shown as (Song et al., 2012) 
where R is the material removal rate, k is the Preston coefficient, P is the contact pressure divided by the apparent contact area, v is the relative velocity between workpiece surface and abrasive particles. Preston coefficient is mainly related to the MRP fluid. If the concentration of the abrasive powders is low, the material removal rate becomes lower and the MRP cannot play a better effect. If the concentration of the abrasive powders is higher, although the material removal rate can be improved, the workpiece surface's abrasion marks will be more (verified by the below experiments). So, the MRP fluid has been prepared in accordance with the appropriate concentration.
Contact pressure is mainly related to the normal force and the working gap. In the reciprocating MRP process, the magnetic flux density is controlled by regulating the electromagnet coil's current, and the working gap is controlled by adjusting the holder device's height.
Relative velocity between workpiece surface and abrasive particles is mainly related to rotational speed and reciprocating speed. In the reciprocating MRP process, the material removal process integrates the friction and collision between the magnetic chains and the workpiece surface. From the Preston equation, it can also be concluded that the faster the relative velocity, the higher the material removal rate. But if the relative velocity is too fast, the MRP fluid in the polishing area is thrown out because of the centrifugal force, and polishing quality is affected. Therefore, the material removal rate can be improved by reasonably controlling rotational speed and reciprocating speed. 
Preparation of MRP fluid
Composition selection of MRP fluid for polishing
The MRP fluid is mainly composed of magnetic particles, carrier fluid, stabilizing additives, and abrasive powders (Chae et al., 2014; Jang et al., 2011; Saraswathamma et al., 2015; Seok et al., 2009) .
The magnetic particles are generally required to have higher permeability, lower coercivity, and appropriate particle size. The saturation magnetization of iron is the best and widely used as soft magnetic materials in industry. The magnetic particles used in the experiments were the type of JCF1-2 carbonyl iron powders (CIPs) produced by Jilin Jien Nickel Industry Co., Ltd. The physical property parameters of the CIPs are shown in Table 2 .
The carrier fluid is used as the carrier of magnetic particles and abrasive powders, including paraffin oil, silicone oil, mineral oil, or water (Bossis et al., 2002; Das et al., 2008) . The oil-based MRP fluid is the characteristics of good stability, low sedimentation, and so on, whereas the water-based MRP fluid is the characteristics of low viscosity, good chemical stability, and so on. As for the MRP, especially for the polishing of borosilicate glass (K9), the water-based MRP fluid is better than the oil-based MRP fluid. That is because the water-based MRP fluid is capable of providing high yield strength and being redispersed with small shear force after the magnetic-responsive particles settle out, and it has a good hydrolysis performance for the borosilicate glass (K9). Furthermore, the water-based fluid is easily cleaned and flushed and has a good cooling and lubricating effect. If the pure water is used as the carrier fluid, the ions in the water are attached to each particle surface by the positive charge and the negative charge mutual attraction, and it can accelerate agglomeration of the particles and sedimentation of the MRP fluid. So, the deionized water was selected as the carrier fluid of the MRP fluid.
Because the carrier fluid is different, the selection of stabilizing additives are also different. Based on the water-based MRP fluid, sodium dodecyl sulfonate (SDS) as stabilizing additives is a kind of amphipathic molecule, and it is mainly composed of two parts. One of the parts is hydrophilic for adsorption on the surface of magnetic particles, and the other part is hydrophobic for anti-agglomeration. Furthermore, SDS has a good solubility, and when mixed with water, the SDS molecules tend to group together in such a way as to minimize agglomeration and sedimentation. Therefore, the SDS was adopted as the stabilizing additives of the MRP fluid. Table 3 shows the technical parameters of the SDS.
The abrasive powders are used as the main role of polishing workpiece, and the particle size and concentration of the abrasive powders in the MRP fluid have more effect on the MRP. The abrasive powder materials, such as silicon carbide (SiC), cerium oxide (CeO 2 ), aluminum oxide (Al 2 O 3 ), and diamond powders (Ashtiani and Hashemabadi, 2015; Cheng et al., 2009; Jung et al., 2009) , are mainly used in the MRP. The cerium oxide as abrasive powders were widely used for the borosilicate glass (K9) polishing because of its polishing efficiency and polishing quality (Cook, 1990; Sidpara and Jain, 2011) . Therefore, in this research, the abrasive powders used in the preparation of MRP fluid were about 5-mm-diameter cerium oxide powders in order to make the polishing efficient and quality higher.
Proportion and preparation procedure of MRP fluid for polishing
Referred to the proportion scheme of the MRP fluid of the Center for Optics Manufacturing (COM) at the University of Rochester (Harris, 2011) , combined the requirements of this experiment, the proportion scheme was proposed by changing the volume concentration of each component, and the specimens were made from specimen 1, specimen 2, and specimen 3, respectively, as shown in Table 4 .
The appropriate concentration of the SDS was added to the deionized water and the SDS was completely dissolved by heating. Then, the CIPs were added, stirring 2 h in the stirring apparatus, and the MRP fluid was obtained until no obvious sedimentation was observed. A certain amount of the cerium oxide abrasive powders were added to the prepared magnetorheological fluid, stirring 1 h in the stirring apparatus. The performance stability of the MRP fluid was made as shown in Figure 6 (a) and (b).
Micro-morphology of the CIPs in the MRP fluid
In order to observe the CIPs are wrapped in the MRP fluid, the scanning electron microscopes (SEM) of specimen 3 at 4000 3 are shown in Figure 7 (a) and (b). It is seen that the CIP is in a spherical shape of particles and the diameter of the particle is about 2-3 mm. The micro-morphology of the magnetic particles without any stabilizing additives is shown in Figure 7 (a). There are no obvious adsorption phenomena, and some adsorption phenomena are caused by the mutual attraction between magnetic particles. By comparison, Figure  7 (b) shows that there are obvious adsorption phenomena, and the wrapped magnetic particles' surface appears as an agglomerative surface layer. It indicates that the stabilizing additives have been wrapped in the surface of the magnetic particles to reduce the magnetic particles' contact and agglomeration. Meanwhile, the shape of the magnetic particles is almost the same before and after adding the stabilizing additives.
Properties test of the MRP fluid
The rheological properties of the MRP fluid are mainly the shear yield strength and the viscosity. Therefore, the relationships between shear stress and shear rate (t À _ g curves), as well as viscosity and shear rate (h À _ g curves), under the action of different magnetic fields were tested using rotational rheometer (Physica MCR301 Rheometer Anton Paar). The test condition parameters are shown in Table 5 . A small amount of the prepared MRP fluid was placed in the rheometer, and six kinds of changes in shear stress versus shear rate in the MRP fluid were tested at the magnetic field intensity of 0, 82, 142, 186, 220, and 250 kA/m, respectively.
Effect of magnetic field intensity on rheological properties
As one of the main factors of the MRP process, the shear stress directly affects the shear force (equation (2)). Figure 8 is the variation curves versus shear rate of the MRP fluid specimen 1 under different magnetic field intensities. It can be observed from Figure 8 that the shear stress of the MRP fluid is lower and almost close to zero under zero magnetic field. This is because the MRP fluid is the flowing liquid at zero magnetic field and conforms to the characteristics of Newtonian fluid, and the viscosity is lower. So, the MRP fluid has almost no shear stress. The yield stress increases as the magnetic field intensity increases, ranging from 2 to 7.7 kPa under various external magnetic field intensities ranging from 0 to 250 kA/m. In the same way, the shear stress increases as the magnetic field intensity increases at the same shear rate. When the shear rate is less than 1 s
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, the shear stress increases as the shear rate increases. When the shear rate is 1-100 s
, the shear stress is almost constant. When the shear rate is more than 100 s 21 , the shear stress continues to rise or has an increasing tendency. According to the data in Figure 8 , the (t À H) curve is fitted (as shown in Figure  11 specimen 1). It obviously displays that the shear yield strength of the MRP fluid can reach 22 kPa at shear rate 1 s 21 and magnetic field intensity of 250 kA/m (magnetic flux density B = 0.3125 T). When the magnetic field intensity at 186 kA/m (B = 0.2325 T) can reach 16 kPa, the shear yield strength can meet the polishing effect (consistent with the above magnetic field analysis).
Effect of abrasive powders on rheological properties
In order to analyze the effect of the abrasive powders on the MRP fluid, specimen 3 was specifically prepared. The abrasive powders were not added to specimen 3, but other ingredients were the same as specimen 1. Figure 9 shows the variation curves of shear stress versus shear rate of the MRP fluid specimen 3 under different magnetic field intensities. According to the data in Figure 9 , the (t À H) curve is fitted (as shown in Figure  11 specimen 3). By comparison, It is obviously found after adding the abrasive powders, the shear yield stress of the MRP fluid is significantly higher than that of the MRP fluid with no abrasive powders. This shows that the abrasive powders can improve the shear stress of the MRP fluid and be beneficial to the MRP process. That is mainly because of the higher hardness of the abrasive powders (Shorey et al., 2000) , and the abrasive powders mixed in the magnetic chains can improve the resisting shear ability.
Effect of magnetic particles on rheological properties
In order to analyze the effect of the magnetic particles on the MRP fluid, specimen 2 was prepared. The concentration of CIPs in specimen 2 was less than the concentration of CIPs in specimen 1 by 6% and the concentration of abrasive powders in specimen 2 was more than the concentration of abrasive powders in specimen 1 by 6%. We find that the shear yield strength of specimen 2 is smaller than specimen 1's under the same test conditions as shown in Figure  10 . Meanwhile, according to the test data of the specimens 1, 2, and 3, Figure 11 is obtained. It describes that the shear yield strength of specimen 2 is smaller than specimen 1, nearly the same as that of specimen 3. Thus, it can be concluded that the effect of the magnetic particles on the shear yield strength of the MRP fluid is higher than the abrasive powders' effect. This is because the magnetic particles can form magnetic chain structures under the magnetic field, and the quantity of magnetic chains is related to the number of active magnetic particles. Thereby, the high shear yield stress is obtained. However, the abrasive powders are non-magnetic particles in the MRP fluid, and the magnetic chain structures are not formed under the magnetic field. Hence, the effect of the abrasive powders on the rheological properties of the MRP fluid is smaller than that of the magnetic particles.
Viscosity testing of the MRP fluid for polishing
Viscosity is also one of the main parameters of the MRP fluid. In order to analyze the viscosity properties of the MRP fluid, specimens 1, 2, and 3 were also tested for viscosity under different magnetic field intensities, respectively, and their results are shown in Figure 12 . Figure 12 confirms that the viscosity of the MRP fluid is lower at zero magnetic field and the liquidity is better, and the viscosity increases as the magnetic field intensity increases at the same shear rate, In addition, the viscosity value of specimen 1 is higher than others when the shear rate is less than 1 s
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. This is because the concentration of the particles is different in the MRP fluid. Due to the magnetorheological effect under the action of magnetic field, the viscosity instantly rises to a peak and then immediately decreases as shear rate increases when the MRP fluid is shearing. When the shear rate is more than 10 s
, the viscosity value almost tends to be equal and close to zero. This shows that the MRP fluid is a shear thinning phenomenon. 
Investigation and verification of MRP process
On the basis of analyzing the composition and characteristics of each component, the working parameters of the prepared MRP fluid for polishing process were tested. In addition, the polishing experiments of the 30-mm-diameter borosilicate glass (K9) were carried out using the reciprocating MRP experimental setup. Polishing experiment process parameters are shown in Table 6 . According to the prepared specimens and the given experiment parameters, each specimen was tested for two groups of experiments, and the picture of the borosilicate glass (K9) before and after reciprocating MRP is shown in Figure 13 . Meanwhile, the workpiece surface roughness value measured and the workpiece surface morphology observed are shown in Figures 14 and 15 , and the results are obtained in Table 7 . The workpiece surface roughness value is reduced to 15 nm from initial 408 nm based on the present reciprocating MRP experiment, as shown Figure 14(a) and (b) . It indicates the profile of workpiece surface roughness before and after MRP for a period of 40 min based on the prepared MRP fluid (specimen 1), and %DR a is calculated as 96.32% in R a . Figure 14(c) indicates that the surface roughness value is reduced to 42 nm from initial 408 nm before and after MRP for a period of 40 min and %DR a is calculated as 89.71% in R a at the same parameters as the experiment no. 1 based on the prepared MRP fluid (specimen 2). In the same way, the prepared MRP fluid (specimen 3) has comparatively lesser contribution to reduce the workpiece surface roughness. Figure 14(d) shows that the surface roughness value decreases from 408 to 339 nm and %DR a is calculated as 16.91% in R a . The SEM micrograph of the workpiece surface before and after reciprocating MRP at 500 3 is shown in Figure 15 . It can be found that there is a significant improvement in the roughness of the polished surface as compared to the initial workpiece surface (as shown in Figure 15(a) ). Figure 15 (b) displays a few tiny abrasion marks on smooth surface. However, besides some abrasion marks, a few indentations can be seen, as shown in Figure 15 (c). Figure  15 (d) is a smoother morphology than Figure 15(a) . By comparison, it is proved that workpiece surface materials can effectively be removed by the abrasive powders and the concentration of the abrasive powders affects the workpiece surface roughness at other same parameter conditions. The polished surface quality is likely to suffer damage due to the excess concentration of abrasive powders. The polishing effect of experiment no. 1 is better than other experiments and the final surface roughness value reaches to an optimum level. Therefore, a moderate proportion of the MRP fluid has a great effect on the workpiece surface roughness. Based on the analysis, the feasibility of the reciprocating MRP experiment setup and the effectiveness of the prepared MRP fluid are verified.
Conclusion
The reciprocating MRP process can achieve the polishing effect with higher removal rate and uniform texture surface. The MRP fluid for the polishing process is of obvious effectiveness and practicability. Following conclusions are drawn:
(1) The reciprocating MRP experimental method can meet the requirements of the homogenization of the super smooth surface of the parts and improve the exchange performance of the MRP fluid in the polishing area. It can be applied to the MRP process with obvious effectiveness and practicability. (2) The MRP is a comprehensive result of mechanical removal and chemical action mainly. On the basis of analyzing the composition and rheological mechanism, as well as main properties of MRP fluid, the preparation process and proportion of the MRP fluid are studied, and the water-based MRP fluid is developed. (3) In the borosilicate glass (K9) polishing experiments, the reciprocating MRP experimental setup and the preparation of the MRP fluid have the characteristics of better application effect. In addition, the polished workpiece surface presents a good polishing quality.
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